Nramp1 is a transporter that pumps divalent cations from the vacuoles of phagocytic cells and is associated with the innate resistance of mice to diverse intracellular pathogens. We demonstrate that sitA and mntH, genes encoding high-affinity metal ion uptake systems in Salmonella enterica serovar Typhimurium, are upregulated when Salmonella is internalized by Nramp1-expressing macrophages and play an essential role in systemic infection of congenic Nramp1-expressing mice.
Salmonella enterica serovar Typhimurium, the causative agent of both a self-limiting gastroenteritis in humans and disseminated infections in the young, elderly, and immunocompromised, causes a severe systemic disease resembling human typhoid fever in mice. Salmonellae are intracellular pathogens that survive within a vacuole inside the host cell that is isolated from normal endosomal trafficking networks, known as the Salmonella-containing vacuole (SCV). Concentrations of divalent cations including Fe 2ϩ and Mg 2ϩ within the SCV are believed to influence Salmonella virulence (11, 22, 23, 25) . Nramp1 (natural resistance-associated macrophage protein 1) is a host protein important for natural resistance of mice to S. enterica serovar Typhimurium infections, as mice bearing the wild-type Nramp1 G169 allele are inherently resistant to S. enterica serovar Typhimurium, while animals homozygous for the Nramp1 D169 allele succumb rapidly (22) . Nramp1 functions as a transport system for divalent cations, including Fe 2ϩ and Mn 2ϩ , and may influence the pathogenesis of S. enterica serovar Typhimurium by depleting the SCV of divalent cations (10, 14) .
The genomes of S. enterica serovar Typhimurium and other pathogens were found to encode homologues of Nramp1 (5, 16, 19) , and we began the characterization of mntH, the Salmonella homologue of Nramp1. MntH is a divalent cation transport system with high affinity for Mn 2ϩ and a 10-to 100-fold-lower affinity for Fe 2ϩ (16, 19) . A second Salmonella transport system was identified with similar substrate affinities, SitABCD (15) . It is appealing to speculate that prokaryotic Nramps and other ion transporters act directly to counter the effects of Nramp1 and compete for the same substrates to influence the course of an active infection. In order to study this question, we chose to investigate the gene expression patterns of these two transport systems and determine their effects on virulence in a modified Nramp1 G169 murine typhoid model. S. enterica serovar Typhimurium strain SL1344 was used as the wild type, and pFZY1 was the parental transcriptional fusion plasmid (17) . The transcriptional fusion plasmid pHILA was described previously (25) . The mntH::lacZYA transcriptional fusion plasmid, pMLZ104 (16) , contains 780 bp of the promoter region of mntH. The transcriptional fusion plasmid pSITA contains 670 bp of the sitA promoter region, constructed by PCR amplification with SL1344 chromosomal DNA and the oligonucleotides sitAFW (5Ј-CACGCGCGAT ACGTTTACCAG-3Ј) and sitARV (5Ј-CGAAGCTTCGGTA ATGCCCATC-3Ј [engineered HindIII site underlined]).This PCR product was ligated into pCR2.1 (Invitrogen), digested with EcoRI and HindIII (NEB), and ligated into similarly digested pFZY1. These plasmids were stably maintained in SL1344 upon infection of both HeLa (ATCC CCL-2) and RAW264.7 (ATCC TIB 71) cell lines over a 24-h time course and did not influence bacterial viability (data not shown).
RAW264.7 cells (Nramp1
D169
) are phenotypically Nramp1 Ϫ . To determine the basal expression of ␤-galactosidase from native pFZY1 as a control for copy number and to determine the effect of Nramp1 on the expression of mntH, sitA, and hilA, stably transfected RAW cell lines containing either an empty neomycinresistant pCB6 vector (Nramp1 Ϫ ) or pCB6 containing the wildtype murine Nramp1 G169 allele (phenotypically Nramp1 ϩ ) were maintained as previously described (9) . Chemiluminescent ␤-galactosidase assays were as previously described (16, 25) . Figure 1A shows that expression of ␤-galactosidase in the absence of a cloned promoter is negligible both inside and outside of the transfected RAW cells and does not change significantly over time or in relation to the Nramp1 status of the cells. This indicates that the copy number of the pFZY1-based plasmids remains constant during the course of these experiments. In contrast, hilA, mntH, and sitA are induced upon reaching the intracellular environment of the Nramp1 Ϫ cells when compared to expression in Dulbecco's modified Eagle's medium alone, characteristic of Salmonella virulence factors (6, 13, 18, 25) . However, upon comparison between expression in the Nramp1 ϩ and Nramp1 Ϫ cell lines ( Fig. 1C and D) mntH and sitA but not hilA are further upregulated in the presence of functional Nramp1. Specifically, expression of mntH and sitA increased approximately 7-fold and 2-fold, respectively, in the Nramp1 Ϫ cells between 2 and 24 h, and an average of 115-fold and 20-fold over the same time course in the Nramp1 ϩ cell lines. The differences between the gene expression patterns for hilA, sitA, and mntH in the two transfected cell lines indicate that the influence of Nramp1 on Salmonella gene expression in these experiments is specific for mntH and sitA and most likely reflects Nramp1-dependent changes in divalent cation concentration (25) .
Induction in the intracellular environment is a hallmark of a virulence gene, but we were unable to demonstrate an effect of mntH or sitA, alone or in combination, on Salmonella invasion and replication within HeLa cells or survival within macrophages following phagocytosis by Nramp1 Ϫ and Nramp1 ϩ RAW264.7 cell lines (data not shown). Wild-type and mutant bacterial survival was further assessed in activated peritoneal macrophages (21) . Sodium periodate-elicited peritoneal macrophages were obtained from 6-to 8-week-old C57BL/6 (Nramp1 D169 ) or congenic Nramp1 G169 mice, plated at a density of approximately 3 ϫ 10 5 cells/well in a 96-well plate, and activated with 20-U/ml gamma interferon (IFN-␥) overnight. Bacteria opsonized with normal mouse serum were centrifuged onto the macrophages at a multiplicity of infection of approximately 5:1 and allowed to internalize for 15 min before washing and addition of gentamicin to remove extracellular bacteria. Macrophages were lysed at 0, 4, and 18 h with 0.5% deoxycholate, and bacteria were enumerated by serial dilution and plating onto Luria-Bertani (LB) agar. No difference in survival of mutant and wild-type S. enterica serovar Typhimurium was observed in C57BL/6 macrophages. However, sitABCD and sitABCD mntH mutant S. enterica serovar Typhimurium exhibited significantly reduced survival after 18 h in congenic Nramp1 G169 primary macrophages (Fig. 2 ). In contrast to previously published results (1), we were only able to detect effects of Nramp1 on Salmonella survival in primary macrophages by using mutant bacterial strains, as there was no significant difference in the survival of wild-type S. enterica serovar Typhimurium upon infection of the congenic macrophages; this is probably attributable to differences in experimental protocol and may be influenced by the ability of wildtype Salmonella to resist or antagonize the trafficking of Nramp1 to the SCV (21) . The explanation for Nramp1-dependent survival of phoP mutant S. enterica serovar Typhimurium is not known but might be rationalized by known effects of Nramp1 on phagosome acidification (12) , which in turn influences PhoPQ activation (2) .
It remains possible that the lack of effect of mntH and sitA (8) was included as a macrophage-sensitive control. Significance comparisons were made between the mutant bacteria compared to the wild-type bacteria within a given cell type. *, P Ͻ 0.0001 by two-tailed t test; **, P ϳ 0.0015. NS, not significant.
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on February 21, 2013 by PENN STATE UNIV http://iai.asm.org/ on survival is due to activation of alternative transport systems in these cell types. While this possibility cannot be definitely excluded, the presence of a sitA mntH phenotype in activated primary macrophages but not HeLa cells or RAW cells is more likely attributable to Nramp1 expression. Nramp1 appears to be primarily expressed in the phagocyte (4) and increases with activation (20) , and Nramp1 has been shown to actively transport divalent cations out of the SCV under these conditions (14) . In contrast, microarray studies of J774 cells indicate that iron, and possibly other divalent cations, is not limiting in cells that do not express Nramp1 (7). Thus, we believe that divalent cation limitation is induced by Nramp1, and, consequently, MntH and SitABCD influence virulence only under these conditions.
To confirm the role of mntH and sitA in S. enterica serovar Typhimurium pathogenesis, virulence assays were performed in 6-to 8-week-old C57BL/6 or congenic Nramp1 G169 mice. Wild-type SL1344 or isogenic sitA::Cm, mntH::Km, or sitA::Cm mntH::Km mutant strains (15, 16) were grown in LB broth supplemented with the desired antibiotic overnight, diluted in phosphate-buffered saline, and administered intraperitoneally to groups of five female mice at a dose of approximately 400 to 800 CFU (C57BL/6; Fig. 3A ) or 1,800 to 3,100 CFU (Nramp1 G169 ; Fig. 3B ). Different inocula were used to compensate for the ability of Nramp1 G169 animals to withstand higher doses of S. enterica serovar Typhimurium than Nramp1 D169 animals. Infected animals were monitored daily for survival until the experiment was terminated 28 days postinfection. Figure 3 shows that deletion of mntH or sitA, alone or in combination, had little effect on virulence in susceptible C57BL/6 mice. However, both the mntH and sitA deletion strains were attenuated in Nramp1 G169 mice, as only 40% succumbed to infection by days 26 and 28, respectively, while the double mutant was completely avirulent. This demonstrates that during infection of a resistant host, both divalent cation transport systems are required for full virulence of S. enterica serovar Typhimurium, and the effects of these transporters are additive.
A and Fe 2ϩ as well as their precise time course of function in vivo remain to be determined, we cannot rule out the possibility that levels of both divalent cations within the SCV are important for S. enterica serovar Typhimurium pathogenesis and are influenced by the activity of Nramp1.
It should be noted that we have demonstrated a role for MntH and SitABCD following intraperitoneal infection of mice but have not investigated the role of mntH and sitA in the intestinal phase of infection. There is evidence indicating that iron levels are quite high in the gastrointestinal tract (24) , which suggests that MntH and SitABCD would not be important at this stage of infection. The possibility remains that the mntH and sitA mutants may cause pathology by unhindered replication in intestinal epithelial cells. However, as mutant strains attenuated following intraperitoneal infection are virtually always attenuated following oral infection as well, we believe that these genes are unlikely to be essential for the intestinal phase of infection.
In summary, S. enterica serovar Typhimurium requires both of the divalent cation transport systems, MntH and SitABCD, for full virulence in wild-type Nramp1 G169 mice following intraperitoneal infection. Genes encoding these transport systems are expressed by intracellular S. enterica serovar Typhimurium within the macrophage and are upregulated in the presence of functional Nramp1. Although there was no apparent effect on intracellular bacterial survival during infection of cell lines, the studies in activated primary macrophages and in congenic mice confirm that transport of divalent cations such as Mn 2ϩ or Fe 2ϩ is essential for Salmonella virulence and demonstrate that host and pathogen compete for essential
